Calcium carbonate is well-known model system for the investigation of the solid formation by precipitation from solutions and it is often considered in the debated classical and non-classical nucleation mechanism. Despite the great scientific relevance of calcium carbonate in different areas of science, little is known about the early stage of its formation. We therefore designed contactless devices capable to provide informative investigations on the early stages of the precipitation pathway of calcium carbonate 1 arXiv:1810.11696v1 [cond-mat.mtrl-sci] 27 Oct 2018 in supersaturated solutions using classical scattering methods such as Wide-Angle Xray Scattering (WAXS) and Small-Angle X-ray Scattering (SAXS) techniques. SAXS, in particular, was mainly exploited for investigating the size of entities formed from supersaturated solutions. The saturation level was controlled by mixing four diluted solutions (i.e., NaOH, CaCl 2 , NaHCO 3 , H 2 O) at constant T and pH. The scattering data were collected on a liquid jet generated about 75 sec after the mixing point. The data were modeled using parametric statistical models providing insight about the size and shape distribution of denser matter in the liquid jet. Theoretical implications on the early stage of solid formation pathway are inferred.
Introduction
Understanding the early stage in the precipitation pathway is of fundamental relevance in order to achieve an appropriate control at the macroscopic level on the solid formation, for instance in terms of morphology, physicochemical properties, and crystalline phase.
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CaCO 3 is a model system, archetype of several sparsely soluble inorganic materials. The precipitation pathway includes the nucleation and growth of a solid phase from supersaturated solutions. At the early stage, even the physical nature of formed entities is a matter of debate. 7 The precipitation is a complex process. Homogeneous primary nucleation is the first elementary process to consider in solid formation pathway. 8 There are two descriptions developed for such phenomenon occurring in solutions: the classical nucleation theory (CNT) and non-classical nucleation theory (NCNT). 5,9-11 These theories have been recently reviewed.
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In both cases, the formation of new entities starts with a reacting solution of dissolved aqueous species: a change in the supersaturation of the system triggers the formation of initial entities. Afterwards the reaction follows many pathways over a period of time until a final product is achieved. In the formulation of the CNT, a series of approximation and simplifications are assumed with the aim to obtain a simplified mathematical framework. One of the most relevant assumptions is the so-called capillary approximation that leads to the definition of a landscape of the Gibbs free energy vs. embryo size characterized by only one maximum which coordinate identify the activation energy and the critical size for nucleation.
Any alternative landscapes identify a NCNT where, for instance, an arbitrary mathematical equation is assumed for the surface energy as a function of embryo size. In this case, the Gibbs free energy landscape can admit more than one point where the derivative is zero, e.g. a minimum before the critical size. The existence of a minimum in the Gibbs free energy identifies a preferential size for clusters of subcritical dimensions. In fact, according to the NCNT, in a supersaturated solution, stable and well-defined clusters (called pre-nucleation
clusters) exist and they may aggregate into larger entities. In the specific case of calcium carbonate, these larger entities have an amorphous nature. Some authors claim that such intermediate amorphous entities have a kind of ordering, which depends on the pH value and which can define the crystal phase that may be formed by their evolution, 11 naming these intermediates as proto-calcite or proto-vaterite. According to our recent finding, pH has an influence on the calcium-to-carbonate ratio in the amorphous phase as well as in the pre-nucleation entities which are in dynamic equilibrium with the solution. This ratio might be the reason of the preferential phase obtained upon crystallization.
Indeed, the existence of sub-critical embryo is expected even following the CNT reasoning with a statistical size distribution which is influenced by the saturation level. Therefore, other authors claim that there is no preferential size and thus the nucleation is classical. The common point is that it is generally accepted that subcritical embryos or cluster exist. Using advanced analytical equipment, such as cryoTEM or analytical ultracentrifugation (AUC), small entities were also identified. 11, 13 Nevertheless, sample manipulation is necessary and considering that such entities are in equilibrium with the liquid in which they are formed, any small physicochemical modification can strongly influence their stabilization/destabilization.
As a consequence, the investigations of these labile entities need to be done in-situ, without modify the equilibrium conditions that lead to their formation. The needed information is not merely the existence of sub-critical entities, since this is considered a matter of fact, but their size distribution, which can reflect the existence of a preferential size or a statistical distribution of size or even a different scenario.
Synchrotron-based scattering techniques, nowadays, play an important role in extracting information from entities suspended in liquid phase. They are very powerful techniques thanks to the high brightness and flux and modern photon counting detectors. X-ray scattering is sensitive to the sample's electron density spatial variations. In particular, SAXS is sensitive to density variations on the scale of nanometers to micrometers. In fact, systems with nanometer-scale spatial variations of the electron density provide very strong, meaningful and informative scattering information at small scattering angle, 14 yielding information on particles size and their size distribution. At higher angles (WAXS) the scattering yields information on a subnanometric scale, such as the atomic structure, more detailed information on crystallinity and defects, and more detailed size and shape distribution information; a limiting factor of WAXS is that−typically−the diffraction signal is weaker by several orders of magnitude with respect to SAXS, which therefore remains the only method usable when a combination of weak contrast and tiny concentrations characterizes the sample, as is the case for near-saturation CaCO 3 solutions. The scattering process follows the reciprocity law: scattering information from larger features corresponds to lower angles. 15, 16 Therefore, the hardware used for such measurements need to be carefully designed in order to define the optimal trade off among energy and flux of the beam, geometry, and detector resolution.
The application of scattering techniques might be not sufficient in the specific case of our scientific question. In fact, three additional features might be required in order to be able to collect experimental data: i) the background signal should be minimized; ii) the presence of solid surfaces in contact with the liquid under analysis might be avoided in order to not induce heterogeneous nucleation; iii) a time invariant setup, not influenced by the X-ray beam, need to be conceived in order to accumulate experimental data for a relatively long time (high signal-to-noise ratio). To solve this issue, a pulsation-free micrometric-size reactive horizontal liquid-jet setup was built. The liquid jet is not confined by a solid, thus it is a contactless setup not susceptible to wall effects, [17] [18] [19] [20] the liquid interrogated by the beam is continuously renovated and beam damage is intrinsically avoided, and the dynamic mixing conditions allows a time-independent setting of T, pH, and saturation (S) level. In addition, the setup was calibrated for absolute scale with a standardized nanoparticle suspension.
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Moreover, the saturation level of the chemical system is computed thanks to the developed thermodynamic model for ACC precipitation.
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In this paper we present both the results on cluster size distribution as a function of the saturation level with respect to ACC and the appropriate setup to carry out such in-situ measurements also on other systems.
Materials and methods
Calcium chloride, sodium hydroxide, and sodium bicarbonate were purchased from Sigma Aldrich (analytical grade, ReagentPlus). Aqueous solutions CaCl 2 (2mM), NaOH (5 mM), NaHCO 3 (20 mM) and pure water were prepared using CO 2 −free milliQ water.
A pulsation-free micrometric-size horizontal reactive liquid jet setup was specifically built for the measurements. The system (Fig. 1a) as a whole was composed of four HPLC pumps −each of them equipped with a pulsation damper system and high precision Coriolis liquid mass flowmeters, a mixing system, a delay loop, and a catcher. A micromixer manifold equipped with 5 inputs and one output was used to mix the solutions. The fifth input was connected with an additional HPLC pump delivering a 10 wt.% acetic acid solution, which serves to clean the system. The manifold exit holds the delay loop which consists of a Teflon tube of a certain length and internal diameter. This defines the delay time between the mixing point and the irradiated liquid jet. Delivering tubes before the mixer and the delay loop were thermostated using a double-walled water-jacketed tubing system. The delay loop outflow was connected to a capillary (nozzle), which can be chosen between different materials and internal diameters. The capillary internal diameter defines the overall flow rate. In this study, stainless steel capillaries with 250 µm internal diameter and an overall flow rate of 8 mL min −1 were used. Saturation (S = IAP/Ksp where IAP stands for Ionic Activity Product and Ksp is the solubility product of ACC) and pH values were kept constant during each acquisition. In order to achieve the specific pH and S values, the concentration and relative flow rates of the four chemicals were calculated by means of a speciation model previously developed. 22 The pumping system was remotely controlled and monitored. A catcher collecting the ejected liquid after X-ray exposure was equipped with a micro stirrer, a pH electrode, and a PT1000 sensor. The measured pH value was used to validate the speciation model, which also computes the existence of clusters in solution.
Experiments were conducted at different flow rates for each chemical; to each flow rates combination, a defined S level corresponds. Nevertheless, each S level can be achieved with an infinite combination of Ca/C ratio. In these experiments, pH and overall carbonate concentration were kept at the value of our previous studies, 22 i.e., at pH = 9 and an overall carbonate content equal to 9.71 mmol. Therefore, the Ca/C ratio is univocally defined at each S level. We carried out liquid jet measurements selecting four S levels (S = 0, 0.74, 
Data Analysis
Before their analysis, the experimental data need a careful conversion, from raw data (photon counting) into diffraction data (intensity-angle; intensity-momentum transfer Q on regular step). Scattering patterns were collected with reasonable acquisition times from ACC solutions at the selected saturation levels, as well as from pure water, and from air. The system was washed with acetic acid, followed by water, before each acquisition. Ancillary data (S, time-delay between the mixing point and measuring point, T, pH, and jet size) were also recorded.
In following sections, the applied calibration and fitting approaches are described. As most usual, the scattering data were collected in arbitrary units. 
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Fitting approaches
ACC colloidal suspensions were assumed to consist of polydisperse particles with spherical shape.
26 A parametric distribution model was used for modeling and analyzing the collected data. 27 Two approaches were attempted. Firstly, a more classical approach was evaluated.
We assumed a log-normal size distribution of spherical clusters of ACC with an unknown density. The scattering intensity of this polydisperse system is also represented by eq. 1
(where the P m is a two-parameter log-normal distribution function). The observed data (with a measured background pattern whose relative scale was set free) for the supersaturation levels (C 2 , C 4 ) were fitted very nicely with the model intensity, but the results presented several weak points (extremely broad distributions, little correlation between samples, not all fits were converging,· · · ). This approach was rejected in favor of a slightly more conceptually complex one (bimodal approach), albeit without increasing the number of parameters.
Bimodal approach
In this approach, we assumed that the whole system is composed by two populations of particles: one population includes monodisperse small dense clusters (SDCs hereafter), with diameter of about 2 nm; a second population includes polydisperse aggregates (i.e., superclusters) with higher volume, formed by several SDC loosely packed and without full coalescence. Reasonable values of packing fraction range between 50% and 72% -the lower limit still gives some compactness, the upper limit is the close-packing limit, which is still below the coalescence region. We assume a packing fraction of 70% (vol.) of SDC in the aggregates, near the close-packing limit, and a minimum diameter of ≈5 nm (i.e., a supercluster contains at least 8 SDC). The contributions of these two populations lead to two linear components for the intensity (one from the population of the SDC and one from the population of the superclusters), plus the separately measured background (C 0 ).
The term due to the SDC, as they result to be rather small, is a relatively flat and featureless trace in the experimental Q range (0.015 − 0.07Å −1 ) and it is weak and highly correlated with the background, therefore i) the scale of this trace cannot be precisely determined, ii) the SDC diameter −approximated as monodisperse spheres −can be determined within a 20-30% error, which may be also intrinsic in the SDC nature. Nevertheless, the fact that this signal is refined to consistent values (diameter of 2 to 3 nm) in all of our best experimental patterns (8 series of data) for all experimental conditions, adds credibility to their existence, at least qualitatively.
For the supercluster (polydispersed aggregates), the size distribution function has been refined both as a lognormal and an exponential P m = C exp(−D m /D 0 ), where C is a normalization constant (such that P m , the number fractions, sum to 1), D 0 is the distribution parameter, D m = mδ is the diameter of the m th cluster (variable between 5 and 100 nm) and δ is the diameter of a sphere containing 1 SDC and an equal volume of water. The latter distribution was then selected as giving the most credible results. The scattering intensities must be summed over all the particles sizes and weighted by their size distribution function P m . Hence, the calculated scattering intensity of this polydisperse system is given by
where m is indexing over the possible different spherical clusters (see below), N is the total number of particles in the beam, R m = D m /2 is the sphere radius, Q is the transferred momentum, V m is the volume of the clusters, ∆ρ is the clusters electron density contrast.
At Q = 0, the scattering forward intensity is given as
with k representing the calculated calibration factor given according to reference material experiment as mentioned above. 21, 25 A simple grid search algorithm dealt with finding optimal values of the distribution parameter, while scale factors were separately optimized at each step as a linear minimization problem.
As indicated in eq. 2, the scattering intensity is proportional to the square of the scattering contrast which represents the excess electron density of the suspended particles with respect to the medium surrounding them. ACC is poly-hydrated CaCO 3 clusters in water suspension;
the composition is generally CaCO 3 · nH 2 O with atomic weight of 100.1+18.02n and 50+10n
electrons per unit formula. Water was found to be a key factor for ACC nucleation. 28 This raised a suggestion of using different compositions for every saturation level. Therefore, the cluster density, at each condition (C n ), was estimated applying the ACC thermodynamic model which takes into account different water content. The observed data (with subtracted background C 0 ) were fitted with the model intensity as described above. Even with the small contrast of this system, the SAXS signal was clearly visible. Due to the low solubility of CaCO 3 (an overall concentration of CaCO 3 ion pair is estimated to be < 10 ppm in the considered experimental conditions), 22 the supercluster concentrations were also very low; hence the interparticle interferences (supercluster−supercluster interaction) could be neglected. The subtracted background pattern was also freely scaled, in order to compensate small differences in the experimental conditions (mainly small fluc- Table 1 : Summary of the obtained calculations (with a packing fraction is 0.7) from the bimodal approach for the selected supersaturation levels (C 2 , C 4 , C 8 ). tuation in the jet diameter); its scale factor resulted always close to 1 (within 10 −3 ). The goodness of fit and the other relevant factors were also evaluated. Figure 2 shows the best fit obtained for the data of the selected condition levels (C 2 , C 4 , C 8 ).
Results and Discussion
The reliability and significance of the experimental SAXS data were checked for all the measurements conducted at different supersaturation conditions using the two approaches discussed above. We selected C 2 , C 4 , and C 8 as more significant condition levels. Figure 3 displays the mass distributions vs. particle diameters as followed by the bimodal approach.
We also attempted a quantification of Ca 2+ contained in the aggregates. Since the experimental data did not allow an evaluation of the isolated SDC size, a value of 1.8 nm was fixed. This value is consistent with previous reports. 29 For the superclusters, the scale and the exponential diameter distribution parameter could be well refined. We then could calculate the concentration of Ca ions (C Ca 2+ ) in superclusters (to be compared with the concentration of CaCO 3 present in solution), the average diameter weighted by the mass distribution <D> M D , width of the mass distribution (second moment) <RMS> M D , and the average diameter corresponding to the maximum of the mass distribution <D> M AX . Table 1 summarizes the obtained calculations for the selected supersaturation levels.
As discussed, the experimental evidences reveal that the SDC signal is poorly defined, being it a rather flat trace highly correlated with the background. Therefore, size and quantity of SDC are affected by too high incertitude to be considered meaningful. On other hand we can quantify Ca ions from the superclusters because the signal is much more structured (i.e., the large entities can be easily and precisely quantified). Consequently, the Ca ions concentration (C Ca 2+ ) as shown in In the specific case of ACC, we also speculate the involvement of water in the solid formation pathway, considering that supercluster density increases with saturation level. Figure 4 is therefore a schematic representation which summarizes the overall concept.
Even when the system is undersaturated, both SDC and superclusters exist. The system is highly hydrated, the SDC themselves are only slightly denser than water and aggregated in hydrated superclusters with as broad size distribution. As the system saturation increase, both the density of the SDC and the size of the superclusters increase. This process gradually proceeds until the critical condition for primary nucleation, which corresponds to a critical density of the SDC within the superclusters. Almost simultaneously, secondary nucleation occurs within the superclusters, leading to the massive solid formation. Figure 4 recalls our former finding on nucleation and growth of ACC, which is now completed by schematization of the event before the primary nucleation.
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Even if we are not able to figure out the details of the Gibbs free energy landscape, it seems clear that when the supersaturation of a system is gradually raised, the system reacts defining new (pseudo)equilibrium states at each S levels, where a population of entities with a large variety of size and density is present. With this picture in mind, the representation of the Gibbs free energy landscape as a well predefined and fixed profile that is carefully followed during the entire precipitation pathway resulted obsolete. In fact, to each S value, a new function for both the volume and the surface contributions to the overall Gibbs free energy corresponds. Therefore, the appropriate Gibbs free energy landscape cannot be plotted in a 2D plane, since it is function of size and saturation, outlining a more complex 3D representation for the solid formation pathway. 
Conclusions
The SAXS technique combined with a liquid jet setup, an accurate thermodynamic model and the bimodal approach have allowed the detection of superclusters in-situ. As model system, the ACC formation pathway was studied. The system was investigate at different saturation levels.
The experimental results are consistent with the presence of entities with variable density and highly hydrated, which were postulated by computational model. Simultaneously, a population of clusters of about 2 nm, were qualitatively identified in literature using cryoTEM and AUC, which are mainly aggregate in the superclusters. The presented results are not only consistent with the literature but for the first time both populations of entities are simultaneously detected by SAXS. Such entities are present even in undersaturated conditions (with respect to ACC). The populations of SDC and superclusters, before the critical point for homogeneous nucleation, evolve increasing the saturation level towards higher density (dehydration) and larger superclusters.
Considering the fact that size and composition of superclusters change with the saturation, the conceptual representation of the Gibbs free energy landscape should be revisited according a surface in a three-dimensional space. Therefore, the entire concept of CNT and NCNT should be entirely reconsidered.
